Introduction
Cellulose acetate (CA) fibres and membranes have important biomedical applications in affinity membranes and drug delivery [1] . The development of experimental biomedical products continues to involve solution blending of the polymer with other therapeutic molecules and compounds.
Research has led to the fabrication of various functional materials including antibacterial CA nanofibres containing AgNO3 [2] , nanofibres for therapeutic delivery of active compounds, such as vitamins A and E [3] , curcumin [4] , nicotine [5] , naproxen [6] , gallic acid [1] , gingerol [7] , tetracycline hydrochloride [8] , ketoprofen [9] , the assembly of topical drug delivery carriers containing non-steroidal anti-inflammatory drugs (NSAIDs) [10] , and edible nanofibrous films containing egg albumen [11] .
One of the most versatile solvent systems for electrospinning of CA is a binary system of acetone: N,N-dimethylacetamide (DMAc) (2:1) incorporating 12.5-20.0 wt.% CA [12, 13] . The use of such binary solvent systems has been utilised by various researchers to optimise the electrospinning process, for example, achieving high productivity concurrently with a finer fibre diameter. Van der Schueren et al. [14] showed that substantial reduction of the cross-sectional area of electrospun fibres could be achieved by selecting a binary rather than single solvent system. In addition to improving spinning performance and tuning fibre dimensions, mixed solvent systems have also been found to assist in the production of nanofibres from blended compositions containing a fibre forming polymer and functional compounds; Ma et al. [15, 16] reported the development of a ternary system of acetone: N,N-dimethylformamide (DMF): trifluoroethanol (3:1:1) for the preparation of protein A/G functionalised CA membranes. In another approach, CA fibres loaded with the ester prodrugs of Naproxen (including methyl, ethyl, and isopropyl esters) were prepared by electrospinning using a mixed solvent of acetone: DMAc: ethanol (4:1:1) [6] . L-tryptophan (1) is an essential amino acid naturally present in the body and is commercially available as a dietary supplement. Brain serotonin (5-HT) synthesis and release due to L-tryptophan depletion has been linked with depression, insomnia, migraines and bulimia with minimum levels of intake being advised [17] ; as such, a novel therapeutic delivery method for L-tryptophan is desirable. Production of CA fibres containing water soluble biomolecules requires selection of a compatible co-solvent; however, the solubility of highly polar amino acid molecules is low in single organic solvents routinely used for CA electrospinning. Previous attempts to solution blend CA with therapeutic drugs such as Naproxen, Indomethacin, Ibuprofen, Sulindac and curcumin have relied up on solvent systems of acetone: DMAc (6:4) [18] , however, such a system is not suitable for spinning highly polar molecules such as L-tryptophan.
Ultrafine CA fibres have been successfully produced via electrospinning of CA in a mixed solvent of acetone: water incorporating 10-15 wt.% of polymer [19] ; electrospinning of a CA solution in acetone and water under acidic conditions produced larger fibres; a basic solution produced much finer fibres. Tungprapa et al. [13] reported that both beaded and smooth fibres can be electrospun at CA concentration of 16 wt.% in mixed solvent systems of chloroform: methanol using ratios of the mixed solvents from 9:1 to 3:2 v/v. The average diameter of these fibres varied from 520 nm to 1,090 nm.
Owing to their polarity, many previously reported binary and ternary solvent systems for CA are not suitable for co-spinning with polar biomolecules such as L-tryptophan [12, 13, 15, 16, [20] [21] [22] . Herein we report the development of alternative binary and ternary solvent systems enabling incorporation of L-tryptophan in electrospun CA nanofibres, characterisation of resulting nanofibre webs, and diffusion kinetics of L-tryptophan from prepared fibres.
Material and Methods

Materials
Cellulose acetate (acetyl content 39.8% w/w, Mw 30,000 Da), L-tryptophan (99.5%), and all solvents (HPLC grade) were purchased from Sigma-Aldrich.
Sample preparation
Solvents were prepared in binary and ternary compositions based on existing literature [13, 19] and novel binary and ternary solvent systems (Table 1) . Solutions were prepared by constant stirring at room temperature (25±5 °C). CA concentration in the spinning solutions was fixed at a concentration of 13% w/v; this concentration was selected based on previous studies to establish the most suitable solvent systems [12, 20] . The suitability of each system was assessed in terms of the freedom from precipitation during preparation of the spinning solution and the spinability of the resulting polymer solution. Spinability in this context was assessed in terms of freedom from needle blockages, consistency of fibre morphology, and freedom from bead and spindle defects in the web. Clear spinning solutions were obtained after 24 h. To prepare spinning solutions of L-tryptophan in a ternary acetone: DMAc: methanol solvent system, a fixed concentration of L-tryptophan was predissolved in 20 ml of methanol before incorporation into the spinning solutions, which comprised 13% w/v CA in acetone: DMAc: methanol (2:1:2). Solutions were stirred for 5-7 hrs at ambient temperature.
Electrospinning
Electrospinning was performed in horizontal alignment with the polymer solution loaded into a 5 ml syringe (Fortuna and Graff) connected to a blunt-ended Luer lock metal needle (20 
Scanning electron microscopy and image analysis
Samples were sputter coated then imaged with a field emission scanning electron microscopy (SEM) (Camscan series 4 environmental) to observe the fibre morphology and web structure. Mean fibre diameters in the collected webs were determined directly from the SEM images by image analysis (Media Cybernetics, Image Pro-Plus 7) by measuring the diameter of 50 individual fibres.
To estimate the porosity (P) in the webs, binary SEM images (bitmap format) were prepared by image thresholding techniques and determined from the mean intensity of the image according to
where n is the number of white pixels and N is the total number of pixels in binary image [23, 24] .
Spectrophotometry
UV spectrophotometric analysis was conducted using a Jasco V-630 spectrophotometer in the UV and visible regions of the spectrum (190-700 nm), at 1 nm intervals. The solutions were diluted using distilled water and measured at the wavelength of maximum absorption ( max) for Ltryptophan, which was determined to be 280 nm. No difference in the shape of the absorption spectrum before and after incorporation or upon diffusion was noted. UV absorption calibration curves for L-tryptophan were obtained at 280 nm. To determine the polar molecular content, nanofibre webs were peeled off the collector and a fixed mass of each sample was added to 50 ml of distilled water and shaken at a constant temperature of 37 °C for 1 hr.
L-Tryptophan Encapsulation Efficiency
To determine the concentration of L-tryptophan loaded in nanofibres (mfibre), the specific weight of each electrospun sample was suspended in 50 ml of deionised water (pH 6.2) and then shaken in a water bath at room temperature (25±5 ºC); the resulting solution was analysed by UV at 280 nm in triplicate and the concentration determined from calibration graphs. Encapsulation efficiency (EE) was calculated using equation 2 [25] ( 2) where mformulation is the concentration of L-tryptophan loaded into the initial formulation use to produce the nanofibres.
L-Tryptophan release kinetics
CA samples were prepared at different concentrations (10-20% w/v) and a fixed amount of Ltryptophan. The release of L-tryptophan from the webs was determined by introducing a sample of nanofibre web into 50 ml deionised water at pH 6.2 and orbitally shaken for 60 min at room temperature (25±5 ºC). The release was monitored at 280 nm as a function of time; equilibrium was obtained after 4 hr. Release monitoring experiments were done in triplicate. To determine the effect of fibre diameter, three samples at a fixed CA concentration (14% w/v) with different mean fibre diameters were used and the diffusion of L-tryptophan assessed. 150 mg of each electrospun sample was suspended in 50 ml of deionised water (pH 6.2) and was then shaken in a water bath at room temperature (25±5 ºC) and the resulting solution analysed by UV spectrophotometry. The ratio of Ltryptophan/polymer content (%) in the web was also measured before and after the electrospinning process following 60 min immersion in water.
Results and Discussion
L-tryptophan is soluble in water and methanol, slightly soluble in ethanol and is practically insoluble in chloroform and ether [17, 26] , hence, achieving dissolution in conventional solvents for CA electrospinning is challenging. Accordingly, binary and ternary solvent systems containing methanol as the major component were evaluated to identify polar spinning solutions suitable for electrospinning of co-mixtures of CA and L-tryptophan; the purpose of this initial work was to verify the feasibility of producing nanofibres free of beads and defects before adding the Ltryptophan component. A comparative evaluation using mixed solvents containing methanol was conducted, based on some literature examples [13, 20] and novel systems developed herein.
Spinning solutions were prepared for each combination, using a constant CA polymer concentration of 13% w/v. It was found that electrospinning of CA from a mixed acetone: water (4:1) system, as previously described [19] , could not be satisfactorily reproduced ( Table 1 ). The solubility of CA in methanol: acetone is affected by relative concentration, and it was observed that in a single solvent system [20] or binary solvent systems of ratios of 3:2 to 4:1, satisfactory spinning conditions could not be established and continuous electrospinning was hampered by the low boiling points of both solvents. Increasing the proportion of acetone improved spinning stability and resultant fibres were substantially bead-free and formed with diameters in the range of 435-1,010 nm. For the other mixed solvents, fibrous webs were satisfactorily produced on a continuous basis for up to 1 h.
Typical resulting web structures are shown in Figure 1 with dimensional properties given in Table   1 . Mean fibre diameter, morphology and bead formation varied depending on the solvent system. Rapid evaporation and diffusion of solvent and the presence of a thin, mechanically distinct polymer skin on the surface of the liquid jet, leads to collapse of the tubular morphology at atmospheric pressure [20] . Previously, experimental studies have indicated that the cross-sectional perimeter of the resulting ribbon can be expected to be of similar dimensions as the liquid jet [20, 27] . In addition to inconsistent fibre morphologies, spinability issues were encountered due to rapid evaporation of chloroform at the nozzle tip leading to blockage.
Fibre morphology and spinability can be explained in terms of the relative solvency of the different solvent components [21] ; in addition to the initial viscosity of the polymer solution, rapid evaporation of the most volatile solvent component during electrospinning can lead to an increase in viscosity as well as to variation in the dissolution capability of the solvent. Accordingly, the solubility range of a mixed binary or ternary solvent system is therefore of greater interest than the maximum solubility [20, 21] . Smooth fibre morphologies, substantially free of beads, were evident in webs produced from the ternary system of acetone: DMAc: methanol (2:1:2), with an observed mean fibre diameter of 710 nm (Figure 1d ). By contrast, a high incidence of bead formation was observed in the ternary system of acetone: DMF: methanol (2.67:1.33:1) (Figure 1e ) and acetone:
DMF: methanol (3:1:1) (Figure 1f ). During electrospinning, Rayleigh instability in the polymer jet can result in fragmentation and the formation of droplets and subsequently beads in the collected web rather than continuous fibres [21, 28] . Since solution concentrations are below the dilute solution regime, polymer chain overlap is not enough for electrospinning solutions and appreciable interactions among molecules [28] . As a result, uniform microbeads generate through the nanofibre structure due to limiting chain entanglements [29] [30] [31] . Increasing chain entanglement by increasing polymer concentration can temporarily serve to stabilise the electrospinning jet by inhibiting jet break up and decreasing bead formation. 
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Furthermore, polymer-polymer interactions are not significant enough to affect solution viscosity, thus addition of another solvent can dramatically alter the concentration needed for fibre formation without any beads on the surface [28, 31] . Note that by controlling molecular weight and concentration, various bead morphologies, including wrinkles, beads, cups, dishes, etc., may be obtained [31] . Fibres were readily produced at a high rate of production when the CA concentration was 14% w/v, voltage was 25 kV and the flow rate was 0.002 ml min -1 (Figure 5b) . However, at the higher flow rate of 0.004 ml min -1 , and as the voltage was progressively increased from 25 kV to 30 kV, some bead formation was in evidence (Figure 5a and 5c) . Interestingly, mean fibre diameter of CAtryptophan nanofibres was lower at the higher flow rate, although as the voltage increased to 30 kV, the average fibre diameter substantially increased (Table 3 ). This can be attributed to a shorter time for extension of the polymer stream during spinning of the CA-tryptophan solution [29] .
Consequently, at a higher voltage, there is increased tendency for bead formation and higher fibre diameters [32] . 
Kinetics
As shown in Tables 2 and 3 is shown in Figure 6 , where it is observed that after initial rapid rate of desorption, plateau eventually occurs with increasing time. The data was fitted to a pseudo-second order kinetic model [33] [34] [35] as described in equation 2:
where qe and qt are the amounts of the compound released from the fibre web at equilibrium and at various times t (mg g -1 ). The term, K2 is the rate constant of the pseudo-second order equation (mg g -1 min -1 ). For the boundary conditions t= 0 to t= t and qt= 0 to qt= qt, the integrated form of equation (2) 
A plot of t/qt against t that produces a straight line, confirms the model, wherein K2 and qe are determined from the intercept and slope of the plots respectively. Initial desorption rate h0 (mg g Table 4 shows the kinetic data derived from diffusion data by application of the pseudo-second order kinetic model, where it is observed that the sample prepared with an initial CA spinning solution concentration of 14% w/v, with resultant fibres with a mean diameter of 720 nm, provide both the highest initial desorption rate (2.80 mg g -1 min -1 ) and rate constant (0.0166 mg g -1 min -1 ).
The sample prepared with an initial CA spinning solution concentration of 12% w/v, with resultant fibres with a mean diameter of 580 nm, gives both the lowest initial desorption rate and rate constant, but provides the highest total desorption at equilibrium (qe = 16.18 mg g -1 ). The dimensional properties of the fibres and the web can be expected to influence release behaviour and the length of the diffusion pathway [36, 37] . Another factor relates to the distribution of the diffusing molecule within the fibres, and the proximity to the fibre surfaces, therefore, increases in fibre diameter are likely to result in longer diffusion pathways and a slower rate of delivery. In all samples, release was greatest during the initial period after immersion, because of rapid diffusion of L-tryptophan from the fibre surfaces [6, 38] . Figure 7 shows desorption behaviour of L-tryptophan from electrospun webs with varying fibre diameter where all samples were prepared with an initial CA solution concentration of 14% w/v. It is interesting that in all kinetic data (Tables 4 and 5 ) both initial desorption and rate constant are highest for fibres with a mean fibre diameter of 720 nm, when it might have been expected that the greater surface area of thinner fibres would have led to a higher rate of diffusion. The diffusion distance and rate constant from the core to the surface of the fibre may be affected by the crosssectional profile of the fibre [39] . Electrospun fibres are known to exhibit different fibre morphologies and profiles such as rounded, flat/ribbon or pitted [27] . A flat fibre will have a shorter distance from the centre to the surface along its width compared to a round fibre [39] . At high flow rates and/or high voltage, solvent evaporated quickly (beads and round fibres formed; see Figures 5a and 5c), phase-separation became difficult, and L-tryptophan remained inside the beads/round fibres where solvent was trapped, as has been previously observed [40] . Therefore, when the beads were dry, L-tryptophan was encapsulated inside. Consequently, potential increased retardation of Ltryptophan release from bead matrices may have caused the observed inconstancies in diffusion of L-tryptophan from fibres with evidence of bead formation [41, 42] .
Conclusions
A new ternary solvent system consisting of acetone: DMAc: methanol (2:1:2) has been demonstrated to permit the solution blending of CA with the water soluble amino acid, Ltryptophan. Nanofibrous webs that are substantially free of structural defects such as beads were continuously produced, producing fibres with diameters in the range 520-1,010 nm, depending on the process parameters. The morphology and diameter of fibres were influenced by the concentration of CA spinning solution, applied voltage and flow rates. Optimal CA concentration was 14%-16% w/v as judged by the ability to produce bead-free fibres using the ternary system.
Fibres were readily produced at a high rate of production when the CA concentration was 14% w/v, voltage was 25 kV and the flow rate was 0.002 ml min -1 . However, at the higher flow rate of 0.004 ml min -1 , and as the voltage was progressively increased from 25 kV to 30 kV, some bead formation was in evidence. The kinetic release profile of L-tryptophan from electrospun CA nanofibres was described by the pseudo-second order kinetic model. Fibres with a mean fibre diameter of 720 nm provide both the highest initial desorption rate and rate constant. This was partially attributed to the low fibre diameter and high relative surface area, but also the fact that the fibres produced with a mean fibre diameter of 720 nm were the most bead-free, providing diffusion advantages over the fibres with the lowest mean fibre diameter (520 nm). The feasibility of combining L-tryptophan within fibres provides a promising route for manufacture of transdermal delivery devices.
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